To express growth-related changes in physiologic or other functions in forms usable for kinetic modeling, we are interested in identifying regular relationships that take the form of simple mathematical expressions. Many anatomic and physiologic functions scale within or across species in b accordance with the allometric relationship, y=ax . These include many organ weights, the glomerular filtration rate, respiration rate, oxygen consumption, or basal metabolic rate. The allometric lines may display discontinuities in slope associated with critical growth periods such as transitions from one growth phase to another. On the other hand, many other kinetically important processes depend on the physiocochemical characteristics of the agent and of the sites in the body with which it interacts. Their rates of development are determined by the age-dependence of these physiocochemical characteristics and of their interactions. Examples of different types of age-dependence are given, and their combined impact on the age-dependence of lead-kinetic behavior is examined. -Environ Health Perspect 102 (Suppl 11):103-106 (1994) 
McCance and Widdowson (1) discussed Minot's (2) observation that from conception to maturity, guinea pigs grow at an average rate of 1.8 g/day, rabbits at a rate of 6 .3 g/day, and humans at a rate of 6.7 g/day. Therefore, humans are bigger than rabbits because they continue to grow for a longer time, while rabbits are bigger than guinea pigs because they grow faster. These are the two basic strategies for attaining a large size: to grow fast or to grow for a long time. McCance and Widdowson classified species into three groups on the basis of their rate of growth from conception to birth (1) . Interestingly, membership in these classes did not correlate with mature body size. The intermediate and best documented group included the fox, domestic cat, lion, porpoise, hippopotamus, and horse, with mature body weights ranging from about 2 kg to about 100 kg. The primates, including humans, fell into the slowly growing group. There is generally not a sharp break in growth rate at birth, so humans are also among the more slowly growing animals after birth. In fact, the human male takes 18 years to multiply his birth weight 20 times, while the rat does so in a few weeks. Humans, however, continue to grow at significant rates for as much as one-quarter of their life-span, while smaller animals tend to achieve both sexual maturity and final body size earlier relative to their total life-spans. Thus, humans use a slow but extended growth strategy to achieve adult size.
Humans and the other primates also differ from many other species in the pattern of growth from birth to maturity (1) . The growth of many animals can be visualized as taking place in three phases: a fetal/neonatal/infancy phase, in some species essentially complete by birth, a juvenile phase, and an adolescent phase. In humans, the early phase extends well into childhood and the juvenile phase is replaced by a period of steady growth to adolescence. A second distinction is the timing of sexual maturity. The peak rate of growth in adolescence coincides approximately with sexual maturation in many species. This is usually well before the animal is fully grown. The female rat, for example, is sexually mature at about 30% of her mature weight and 50% of her mature length. In humans, however, sexual maturity generally does not occur until the individual has reached at least 90% of his or her adult height. Thus, human growth is characterized by a clearly defined early phase followed by a period of steady growth to adolescence continuing to achievement of adult weight.
To express growth-related changes in physiologic or other functions in forms usable for kinetic modeling, we seek regular relationships that can be expressed in reasonably simple mathematical terms. The forms these relationships take will be determined by the level of organization at which the modeling is carried out: cellular, tissue, organ system, or whole body. At the level of the whole body, we would like to be able to scale physiologic functions with either body weight or age. One class of relationships that has proven generally useful in scaling biologic measures of many kinds is the allometric relationship: y = ax&, or ln(y) = ln(a) + (b) [ln(x)]. The word allometric means "by a different measure" and refers to dependence of the ratio y:x on the value of x. For example, the weights of most organs are allometrically related to body weight. If the fraction does not change with body size (if, for example, the weight of an organ is a constant fraction of body weight), then the exponent b = 1 and the variables are isometrically related ("by the same measure"): y = ax and ln(y) = ln(a) + ln(x).
Apart from its convenience, the allometric relationship has been found to be descriptive of There are a number of reasons why isometry may not apply to rates of development of physiologic functions. Larger bodies require relatively larger bone crosssectional areas for support than would be predicted by strict isometry, and other factors related to gravity and inertia will also increase the relative demand placed on physical support mechanisms. Surface to volume ratio, rather than absolute surface area, is an important determinant of rates of gas exchange. Competing requirements often will depend variously on surface area (diffusion, heat loss), cross-sectional area (muscle strength), or volume (body mass, buoyancy, chemical kinetic volumes of distribution).
Data for Figures 3 to 5 are taken from a monograph on growth (4) that contains compilations of information from many sources concerning the dependence of critical anatomic and physiologic measures on age or body size. In Figure 3 , the dependence of liver and kidney weight on body weight in children is shown. Each data set has been fit by linear regression to give the allometric slope, which is close to 0.85 in both cases. If the principle of isometry were obeyed, the slopes of these lines would be together with other aspects of lead kinetics to illustrate the combined effects of a num3te on body ber of age-dependent factors acting lhts greater together on kinetic behavior.
n; the slope It is well known that in spite of the (4) . much greater fractional absorption of lead from the immature than from the mature gastrointestinal tract, comparable concenmay be trations of lead in diet or drinking water ndent. A are associated with comparable concentrafractional tions of lead in blood of children and ge is the adults. It has been suggested that growing ublished bone acts as a "sink" for lead, but this sorption explanation is far too simplistic by itself al tract, and a fuller explanation must lie in the balr in chil-ance of all of the cooperating and opposing lso illus-factors controlling lead disposition in iblished adults and children. complex Table 2 gives estimated rates of selected on basic processes of lead disposition in a 5-year-old n, when boy and in a 40-year-old man. Both have :ted from been exposed for 2 years to lead in this simby differ-ulation, without any prior background d in one exposure. While this is not a realistic situaof partic-tion, it allows direct comparison of the r regula-handling of current environmental lead estimates during the two age periods uncomplicated balance by consideration of any additional contriisotopes. bution of accumulated body (bone) lead to red quan-blood lead. The simulated lead exposure is nd some low even by contemporary standards and resent in consists only of lead in air, drinking water, Lose stud-and food. The simulation was carried out in which using a recently developed, physiologically d are not based lead kinetic model (10; O'Flaherty, ve differ-unpublished data) that is conceptually simin values. lar to those used for chemicals such as the a rather volatile halogenated hydrocarbons. lren have However, the lead model is superimposed ion given on a standardized curve for growth of the d absorp-human male from birth to maturity and O'Flaherty (10) Percentage absorbed is greater during fasting and appears to be particularly high for tracer lead during fasting (7).
Volume 102, Supplement 11, December 1994 Fractional absorption from the gastrointestinal tract is estimated to be about three times greater in the child at this age than in the adult. As noted above, the magnitude of fractional absorption in the child is very uncertain; the value used is no more than a reasonable guess. The efficiency of lead excretion in the child is even less certain. Reported values of plasma lead clearance in adults range from about 4 to 30% of the glomerular filtration rate (13). Limited evidence suggests (O'Flaherty, unpublished data) that clearance of lead from the blood is only slightly lower in infants and children than in adults. Assuming that clearance actually takes place from the plasma rather than from whole blood, these observations are reconciled in the model by the assumption that all filtered lead is excreted by the child but only a fraction of the filtered lead is excreted by the adult.
Simulated blood lead concentration is low and the same in both the child and the adult. This equivalence is the outcome of a number of cooperating and opposing processes. Although fractional absorption is higher in the child, when lead intake from food and drinking water is isometrically scaled to body size using the two-third power of body weight it is seen ( Table 2) that the child would absorb only about 25% more lead per day from the gastrointestinal tract than the adult. With the addition of lead entering the systemic circulation from the lung, the adult's simulated total daily lead absorption is greater than that of the child (although the child's total daily absorption is greater on a body weight basis). However, the child excretes lead more efficiently than the adult, so the adult is in more positive lead balance. Of the lead retained, most is accounted for by net uptake into bone. On a per unit bone weight basis, the child's bone is more active in this respect than the adult's. Although the absolute rate of lead incorporation into bone is about twice as great in the adult as in the child, the relative rates are 6.8 pg/kg bone/day in the child and 2.4 pg/kg bone/day in the adult. Similarly, the absolute rate of return of lead to blood with resorption of bone is somewhat less than twice as great in the adult as in the child but the relative rates are 3.4 pg/kg bone/day in the child and 1.1 pg/kg bone/day in the adult. Thus, while the child's bone does take up more lead, on a unit bone weight basis, than the adult's, it is sufficiently more active metabolically that it also returns more lead to the blood on a unit bone weight basis. In both cases, after only 2 year's exposure, the bone is not near a steady state and there is continuing net transfer of lead into bone. On a unit bone weight basis, the child's net transfer rate is greater than that of the adult. Nonetheless, this process alone cannot account for the comparability of blood lead concentrations in the child and the adult. It is the combination of greater fractional gastrointestinal absorption with greater excretion and greater net transfer of lead into the child's bone that results in comparable blood lead concentrations after 2 year's simulated exposure.
In conclusion, we have seen that developing physiologic functions frequently display discontinuities in their rates of change. These discontinuities may be associated critical periods such as adolescence or with critical time points such as transitions from one growth phase to another. Once the individual is past adolescence or even earlier, the critical physiologic functions examined tend to scale as would be predicted by isometric theory, that is, as the two-thirds power of body weight. Many kinetically important processes, on the other hand, are not purely physiologic. Their rates of development are determined by the age dependence of physicochemical interactions between the agent and the process itself. The age dependence of overall kinetic behavior will be the outcome of the age dependence of all of the cooperating and opposing anatomic, physiologic, and chemical factors that contribute to disposition of the chemical.
